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Abstract
Outer-membrane proteases T (OmpT) are membrane enzymes used for defense
by Gram-negative bacteria. Here we use hybrid molecular mechanics/coarse-
grained simulations to investigate the role of large-scale motions of OmpT
from Escherichia coli for its function. In this approach, the enzyme active site
is treated at the all-atom level, whilst the rest of the protein is described at
the coarse-grained level. Our calculations agree well with previously reported
all-atom molecular dynamics simulations, suggesting that this approach is well
suitable to investigate membrane proteins. In addition, our findings suggest
that OmpT large-scale conformational fluctuations might play a role for its
biological function, as found for another protease class, the aspartyl proteases.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Outer-membrane proteases T (OmpT) are membrane proteins expressed by Gram-negative
bacteria such as Yersinia pestis and Escherichia coli [1–4]. They cleave antimicrobial peptides
preferentially between two consecutive basic amino acids, activate human plasminogen, and
degrade some recombinant heterologous proteins [5, 6].

The structure of OmpT from Escherichia coli has been solved at 2.6 Å resolution. The
protein folds into a 10-strand antiparallel β-barrel conformation [7]. The extracellular part
of the molecule contains a large negatively charged groove, which is consistent with the high
specificity for positive substrates of the protein [2]. The deep groove is formed by loops L4
and L5 on one side and L1–L3 on the other (figure 1(a)).

The presence of a serine and a histidine (Ser99 and His212) in the cleft led to the suggestion
that OmpT was a novel-type serine protease [3]. Within this hypothesis, the scissile peptide
bond should be attacked by the hydroxyl of the catalytic serine, which in serine protease is

0953-8984/06/140347+09$30.00 © 2006 IOP Publishing Ltd Printed in the UK S347

http://dx.doi.org/10.1088/0953-8984/18/14/S16
http://stacks.iop.org/JPhysCM/18/S347


S348 M Neri et al

L3

L2

L1

L4
L5

Outer
membrane

Asp85

Asp83

Asp208

Asp210

Glu27

His212

ξ

(a)

(b)

Figure 1. (a) Structure of OmpT from Escherichia coli. The MM, I and CG regions (see figure 2)
are represented by red VdW sphere, orange licorice tubes and blue tubes, respectively. Water
molecules are also shown. (b) OmpT active site: the residues in MM region are depicted with
the licorice representation. H-bonds are represented as red lines. The thin lines represent groups
included in the I region. The distance between Cα carbon of His212 and Asp83 (ξ ) is represented
as a dashed line.

usually activated by a histidine residue [8]. Then, an alternative mechanism of action was put
forward, based on the following considerations: (i) the two catalytic His and Ser residues are
much farther apart (∼9 Å) than in actual serine proteases; (ii) several Asp and Glu groups
present in the cleft (figure 1(b)) seem to play a key role for catalysis, as shown by molecular
biology experiments [3]. In this proposal, His212 and Asp83 groups activate a water molecule
for a nucleophilic attack, while Asp83 and Asp85 contribute to polarize the substrate scissile
peptide bond [4, 7, 9]. Molecular dynamics simulations (MD) on OmpT on a 10 ns timescale
have further supported this hypothesis [9–11].

Here, we investigated the dynamics of OmpT on a relatively long timescale (70 ns) using
a molecular mechanics/coarse-grained (MM/CG) scheme [12]. This approach provides an
all-atom representation of the amino acid residues involved in the ligand binding region of an
enzyme (i.e. the active site), whereas the remainder of the protein is treated with a widely used
coarse-grained (CG) model (figure 2) [13–25]. Therefore, structural and dynamical properties
of the active site can be investigated with relatively moderate computational resources.

In a previous work, our MM/CG approach turned out to reproduce well the structural and
dynamical features of cytoplasmatic aspartyl proteases in complex with their substrates [12].

Here, OmpT key residues in the active site (Glu27, Asp83, Asp85, Ser99, Asp208, Asp210 and
His212) are treated at the atomic detail (MM region). A shell of ∼6 Å constitutes the interface
(I) between the MM residues and the CG region, which includes the remainder of the protein.
Water molecules are treated explicitly in proximity of the MM and I regions (figures 1(a)
and (b)).

The calculated structural properties of the proteins agree well with those obtained by
all-atom MD simulations, suggesting that our MM/CG approach is valid also for treating
membrane proteins. Furthermore, large-scale conformational fluctuations seem to play an
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Figure 2. MM/CG Model: the MM (set of atoms {ri }), I (set of atoms {rI
i }) and CG (set of atoms

{Ri }) regions are coloured in red, orange and blue, respectively.

important role, suggesting that some aspects of the mechanism of action of OmpT may be
similar to those of other classes of enzymes [26–29].

2. Theory

2.1. The MM/CG model

A detailed description of the MM/CG approach is reported elsewhere [12]; therefore, we only
summarize here the principles of the method. A small part of the protein (e.g. an enzymatic
active site) is investigated with all-atom details, while the rest is treated with a CG approach
by only considering Cα centroids. An interface region (I) is located between the two MM and
CG regions, bridging the large discontinuity between full-atom and CG descriptions (figure 2).
The total potential energy of the system reads

V = EMM + ECG + EI + EMM/I + ECG/I + ESD,

where the first three terms represent the interactions within the MM, CG and I regions,
respectively, whereas the fourth and fifth represent the cross-terms potentials. The last term,
ESD, mimics stochastic and frictional forces acting on the system, due to the solvent [30, 31].

EMM is represented by the widely used GROMOS96 43a1 force field, with only polar
hydrogens explicitly considered [32].

ECG takes the following form:

ECG = 1
4

∑

i

Kb(|Ri − Ri+1|2 − b2
ii+1)

2 +
∑

i> j

V0
[
1 − exp

(−Bi j(
∣∣Ri − R j

∣∣ − bi j)
)]2

. (1)

The first term in equation (1) takes into account bonded interactions between consecutive CG
(Cα) centroids, identified by the position vectors Ri and Ri+1, and Kb is the relative bond force
constant1. bi j is the equilibrium distance, corresponding to the native distance between CG
atoms. The second term in equation (1) describes the non-bonded interactions between CG
atoms. V0 is the interaction well depth2. Bi j is the modulating exponent of the Morse potential.

In region I, all atoms are explicitly considered, as in the MM part, and consequently both
EI and EMM/I energy terms have the same formulation of EMM [12].

At the interface between the I and CG regions, bonds between consecutive Cα belonging
to the I and CG regions ensure backbone connectivity [12]. In addition, a term describing the

1 We chose Kb = 7.2 × 106 kJ mol−1 nm−4, the typical force constant of a bond between sp3 carbons in the
GROMOS96 force-field [12, 32].
2 The interaction well depth, V0, was conveniently chosen equal to 5.3 kJ mol−1. The non-bonded interactions are
computed between CG atoms within a cut-off distance of rcut = 10 Å [12].
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non-bonded interactions is added:

ECG/I = 1
2

∑

i∈[Cα,Cβ ], j

V0
[
1 − exp

(−Bi j(
∣∣rI

i − R j

∣∣ − bi j)
)]2

, (2)

where the interface i th atom is either a Cα or a Cβ atom (identified by the position vector rI
i )

and the factor 1/2 stands for the interaction energy equally distributed between the two types
of atoms. All the coefficients are chosen similarly to those in equation (1).

2.2. Calculation details

Our initial model is based on the crystal structure of S99A-G216K-K217 G OmpT from E. coli,
solved at 2.6 Å resolution (PDB code 1I78, chain A) [7]. These mutations involve residues
treated at the all-atom level in our computational scheme. Therefore, we restored the wild-type
structure by reversing mutations by using the Swiss-Pdb Viewer program [33]. The protonation
state of the residues present in the catalytic cleft was set as in [9]: Glu27 was protonated in
ε, His212 was diprotonated, whilst all the Asp residues were taken as ionized (figure 1(b)). A
water layer of 12 Å, centred on the MM region, was added, corresponding to 63 SPC water
molecules [34]. As a result, the total system was composed of 2062 atoms.

The simulations were performed using a modified version of the Gromacs 3.2.1
program [31]. The leap-frog stochastic dynamics algorithm was used to integrate the equations
of motion with a time step �t = 2 fs and a friction coefficient γi = mi/τ , where τ = 0.5 ps
is the time constant for the coupling and mi is the mass of i th particle. The temperature was
maintained at 300 K using a Berendsen thermostat [35]. The SHAKE algorithm [36] was
used to keep the distance of bonds containing hydrogens fixed. No cut-off was used for the
non-bonded interactions.

The system was first relaxed with a 100 ps run with positional restraints on solute positions
and then simulated for 70 ns without positional restraints.

The property on which this work is focused on is the large-scale conformational
fluctuations. Specifically, we calculate concerted motions, which are related to the degree
of correlation of pairs of residues at equal times. This information is summarized in the
covariance matrix, C, whose elements are given by

Ci j,µν ≡ 〈xi,µx j,ν〉 =
∑

l

vl
i v

l
jλl , (3)

where the average 〈.〉 denotes the usual canonical thermodynamics average, xi,µ is the deviation
of i th Cα along the µ axis (µ and ν denote the Cartesian components, x, y and z), the vector vl

and the scalar λl are the lth eigenvector and the lth eigenvalue of matrix C, respectively, ordered
in such a way that λl > λl+1. This matrix contains the full three-dimensional information about
pair correlations and its linear size is 3N , with N number of residues. Typically it is important
to quantify the relative degree of correlation of any pair of residues; in this case one can
consider the normalized reduced covariant matrix (of linear size N), which is defined as

Ci j = Ci j,νν√Cii,ννC j j,µµ

. (4)

3. Results

We compared our results with those of all-atom molecular dynamics simulation. Then, we
investigated the motion of the protein frame during the MM/CG simulation. Finally, we
analysed the structural properties of the important residues for the protein function.
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Figure 3. Normalized reduced covariance matrix of OmpT Cα atoms.

3.1. Comparison with previous MD calculations

The covariance matrix, C, (figure 3) describes the degree of correlation of pairs of residues at
the same time (see method section). The accuracy of our method for reproducing the all-atom
MD on the protein frame has been established by a comparison with C-derived properties
obtained with a 10 ns MD simulation on the same system [10].

(i) The root mean square fluctuations (RMSF), given by the square root of the trace of the
covariance matrix in equation (3), were well reproduced, with a correlation coefficient
between the two sets of data of 0.79 (figure 4(a)). We also compared the RMSF given
by the crystallographic structure with those obtained by using the MM/CG simulation,
finding a correlation coefficient of ∼0.66.

(ii) The projections of the MM/CG eigenvectors associated with the five largest eigenvalues
of C (which represent the large-scale motion of the system) onto the corresponding
eigenvectors calculated with MD overlapped by 75%.

(iii) Finally, the eigenvalues of C calculated with the two potentials were fitted with a exponent
of 0.97 (figure 4(b)), showing that the two entries practically coincide. These values
are proportional to the characteristic timescale of the collective vibrational excitations.
Therefore, the rate of molecular events in MM/CG simulations practically corresponds to
that of MD simulations.

In addition, the stability of the protein with respect to the x-ray structure [7] has been
shown by the low value of the RMSD of the Cα carbons during the dynamics (figure 5).

3.2. Large-scale motions of the protein

Based on the calculation ofC (figure 3), we suggested that the motion of the groups ranging from
150 to 160 (constituting the loop L3 surrounding the active site, see figure 1(a)) is anticorrelated
with that of the scaffold of the protein, in particular with groups 20–50 (belonging to the β-
sheets β1 and β2 and the loop L1 bridging them), 70–110 (β3, L4 and β4), 170–180 (β6),
200–210 (β7), 220–230 (β8), 250–265 (β9), 272–285 (β10). In addition, the β-sheets from
β1 to β10 are strongly correlated among them. As a result, L3 moves in a counter direction
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Figure 4. (a) Root mean square fluctuations of the various residues in OmpT obtained from MD
and MM/CG simulations. (b) Scatter plot of equally ranking eigenvalues of the MD and MM/CG
covariance matrices.
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Figure 5. RMSD computed on the Cα atoms of the MM residues.

with respect to the compact and rigid β-barrel core (and the bridging loops L1, L2, L4 and L5).
This is indicated more clearly in figure 6, showing the four most significant eigenvectors of
the covariance matrix, that account for ∼50% of the overall residue mobility. These motions
might be essential for driving the residues in the active site to a specific configuration and,
therefore, could be important for OmpT catalytic activity.

3.3. H-bond network in the active site

All the residues putatively involved in the enzymatic hydrolysis [4] interact with each other.
During the dynamics, Asp210 keeps its original position by H-bonding to His212 and by forming
a direct or water-mediated H-bond with Glu27. At the same time, Glu27 interacts through a
water bridge or a direct H-bond with Asp208. Asp83 and Asp85 interact through (generally)
two or three bridging waters. Table 1 shows that most of these structural features reproduce
the x-ray data.

An important feature of the dynamics in the active site concerns the distance between
the key residues His212 and Asp83 (ξ ), which also represents the width of the cleft (figure 7).
During most of the dynamics, ξ oscillates around an average value of 9.7 Å corresponding to
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Figure 6. The eigenvectors relative to the largest four eigenvalues are represented (for each of the
atomic components) as arrows of width and length proportional to the modulus. The protein is
shown in trace representation.
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Figure 7. Distance between the Cα carbons of His212 and Asp83, ξ , as a function of time.

Table 1. Cα–Cα distances of pairs of residues in the active site calculated from the MM/CG
simulation and the crystallographic structure. MM/CG values were estimated by averaging the
distances over the whole simulation, whereas the errors were estimated by the corresponding
standard deviations.

Cα–Cα Cα–Cα

MM/CG distance (Å) crystallographic distance (Å)

His212–Asp83 10.2 ± 1.5 12.5

His212–Asp210 6.2 ± 0.2 6.5
Asp83–Asp85 6.7 ± 0.4 6.9
Glu27–Asp208 8.4 ± 0.7 8.8
Glu27–Asp210 9.1 ± 0.9 9.2

Asp83 and His212 forming a direct H-bonding interaction. However, at times, ξ increases for
a few nanoseconds, allowing a water molecule to form a bridge between the two residues. In
some cases (e.g. at ∼50 ns) more than one water molecule (two or three) is inserted between
Asp83 and His212 for a short time.
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4. Discussion and conclusion

Our MM/CG calculations on OmpT were able to reproduce both local and mesoscopic
properties obtained with MD simulations. As the latter are reproduced by means of a CG
representation, this finding points to the suitability of CG approaches not only for globular
proteins, which are immersed in a homogeneous medium (i.e. water) [12], but also for
membrane proteins, whose environment features discontinuities at the water–polar head and
apolar chain–polar head interfaces.

Our calculations suggest that the distance between the putative catalytic dyad His212

and Asp83 [4] periodically (with a 12 ns period) increases from ∼10 to 15 Å. This opening
motion origins from the large-scale fluctuations of L2, which are correlated to those of loop
L4 (figure 6). In fact, His212 is located in β8, close to the loop L4, whereas Asp83 is located in
β3, close to the loop L2, at the other side of the catalytic cleft. As a result, a water molecule
can be accommodated in a suitable position for the enzymatic hydrolysis. At the speculative
level, this motion might therefore play a role for catalysis. This mechanism shares some
resemblance with those proposed for other proteases (i.e. the aspartyl proteases HIV-1 PR [37]
and BACE [38]), where the concerted motion of the loops is crucial to drive the substrate in
an active conformation [39, 29, 40]. Simulations of the complex with OmpT substrate are
required to assess this issue.

Limitations of the model. Two main limitations of the model used here are: (i) the presence
of a repulsive potential at the boundaries of the water sphere used to avoid diffusion; (ii) the
lack of a membrane environment. Work is in progress to treat hydration more accurately
by performing MD simulations at constant chemical potential and to include lipid molecules
treated explicitly with a CG model [41, 42].
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